ABSTRACT Three different killer specificities in U. znaydis are inherited cytoplasmically and transmitted by cell fusion. Each killer generates low frequencies of specifically immune forms in crosses with sensitive strains. The properties of immunity to each killer are also inherited cytoplasmically and transmitted by cell fusion. Killer strains carry viruslike particles about 41 nm in diameter. Each killer possesses distinct double-stranded RNA components that range in molecular weight from 0.46 X 106 to 2.9 X 106. Two components are shared by all three killers. Immune strains possess new forms. Crosses and heterokaryons between different killers revealed unilateral or mutual restrictions that prevent inclusion of two killer specificities in the same cell. Interstrain inhibition in Ustilago maydis was first reported by Puhalla (1). The inhibition results from the excretion by specific strains, designated P1, of a Pronase-sensitive, thermolabile substance (2) that inhibits the growth of sensitive strains designated P2. The capacity of P1 to inhibit other strains is transmitted as an extranuclear character. Immunity to the inhibitor is also transmitted as a cytoplasmic character (called P3) that can be inherited separately from the inhibitory or killer function. Puhalla concluded that P1 strains carry both killer and immunity determinants. These determinants are transmitted to sensitive P2 strains at heterokaryon formation (3). Resistance to P1 killer is also determined by a chromosomal gene s+ (1), which we propose be renamed p1 r, that is recessive to its allele pls (Puhalla, unpublished).
Puhalla (unpublished) also discovered two other strains of U. maydis with inhibitory capacity, called P4 and P6. Although some strains inhibit the growth of sensitive cells whereas others kill sensitive cells, we shall call all such inhibitory strains killers. Killers P4 and P6 can kill P1 strains and strains immune to P1 [we will call such strains P3 (1) , where P3 denotes cytoplasmically determined immunity and (1) the killer specificity concerned]. All three killers can kill each other as well as sensitive strains (Fig. 1 ). The nuclear gene p4r confers resistance to P4 and is independent of p1r. We have observed a third gene p6r for resistance to P6 that is independent of pjr and p4r. All three nuclear genes (pjr, p4r, and p6r) that confer resistance to P1, P4, and P6 are recessive to their sensitive alleles. The distinction between cytoplasmic immunity and resistance due to nuclear genes may well prove important when more is known of the mode of action of the killers.
In this paper we examine the correlation between killer phenotypes and the presence of VLPs, the relationships of the killer specificities to their dsRNAs, and the relationships among the three killers in crosses between different killer strains.
MATERIALS AND METHODS
Strains. The strains used are listed in Table 1 . P2 strains 5 and 1003 were used in crosses. Strains 18, 15, 1003, and 79 were used as sensitive indicators for identification of killer progeny and killer specificity. Strain 18 is sensitive to all three killer specificities, strain 15 is sensitive to P4 and P6, strain 1003 is sensitive to P1 and P4, and strain 79 is sensitive only to P6.
Crosses and Genetic Analysis. Media, crosses, germination of teliospores, analysis of random progeny and tetrads, and mating compatibility tests were all performed according to the procedures described in Stevens (9) .
The effect of cytoplasmic mixing was tested by preparing heterokaryons (3) and by isolating unreduced diploids from germinated teliospores (10) pH 4 (for P1) or to use a P2 strain carrying a gene for resistance to the killer (for P4 and P6). Progeny were characterized as killers or nonkillers by replication to a lawn of a sensitive strain previously prepared by overlaying complete medium with a cell suspension in 7-8 ml of agar cooled to about 400. The plates were then incubated at 25°for 24-30 hr. Killers were surrounded by halos of no cell growth, whereas nonkillers had no effect. Immunity or resistance was determined by streaking an unknown alongside a streak of a killer inoculated 48 hr previously, or by inoculating a suspension of the unknown as a patch on which the killer was spotted. Tests were scored after incubation at 250 for 24-30 hr.
Isolation (Table 2 ). The percentage of killers is similar in both random progeny (86-94%) and tetrads (76-97%). The correlation between the killer characteristic and the presence of VLPs suggests a further characterization of the differences between the strains through comparisons of the dsRNA in each of the killer, immune, and sensitive strains. Once again a perfect correlation was found between the presence of dsRNA in killer and immune strains and the absence of dsRNA in the sensitive strains 5, 79, and 1003 used in the crosses (Fig. 2) . Coelectrophoresis of dsRNA extracted from the various killers and the immune strains and molecular weight determination using reovirus (type 3) dsRNA as a standard indicate the presence of a multicomponent dsRNA of at least nine species (Table 3) . Some of the same species are found in killer strains with different specificities, but the three killer strains differ in the size distribution of dsRNA.
Two species (2.9 X 106 and 2.6 X 106 Mr) are common to all three killers (Table 3 ). P1 has in addition a medium molecular weight dsRNA, about 0.9 X 106, and two light components, 0.54 X 106 and 0.45 X 106 Mr. These molecular The immune strains found among the progeny of crosses between killer and sensitive strains (Table 2) carry dsRNAs, and these appear to share some components found in the killer strains from which they were derived ( Table 3 ). The derivation of P3(1) from P1 is associated with the loss of the 2.9 X 106, 0.94 X 106, and 0.54 X 106 Mr components, with the retention of the 2.6 X 106 and 0.4 X 106 Mr components. The derivation of P3(4) from P4 involves the loss of the two heaviest and the two lightest components, with the retention of the 2.1 X 106 and 1.8 X 106 Mr species typical of P4. In addition P3(4) has a new component that is similar in molecular weight to the sum of the two heavy components that were lost. The derivation of P3(6) from P6 is associated with the loss of the 2.6 X 106, 0.7 X 106, and 0.56 X 106 components and the appearance of two new components, about 2.1 X 106 and 1.8 X 106 Mr.
In general, loss of killing and retention of immunity is associated with a difference in one or both of the common dsRNA components and one or both of the low-molecularweight components. It is, however, difficult to assign a specific function to the various components that could account jointly for the results obtained with all three killers. However, the similarity in molecular weight may not reflect functional equality. Separation of the fractions and their use in synthesis in vitro, followed by a comparison of the aminoacid sequence of the product with that of the killer substance, which is thought to be a protein, could provide a means of assigning roles to the various dsRNA components. Hybridization experiments may also reveal whether some components are merely degradation products and which others carry unique information.
The comparison above shows that dsRNA components are not common to all strains of U. maydis examined. Since three sensitive strains had no detectable dsRNA, we conclude that each component probably has some function related to killer, immunity, or the structure of the VLPs.
The presence of three distinct killer specificities all associated with the presence of viral particles raises the question whether a fungal cell can carry more than one type of virus and whether specificities can be combined. Our approach to these problems was limited to examining the outcome of interkiller strain crosses and their progeny phenotypes.
The effect of the a incompatibility factor (1) on the direction of nuclear exchange and the degree of cytoplasmic mixing is unknown; therefore, crosses were performed reciprocally with respect to the incompatibility genes. No basic differences were detected in each pair (I and II) of the six reciprocal crosses (Table 4 ). The uniformity within tetrads detailed in Table 4 (17) .
The cross between P1 and P6 shows absolute mutual exclusion of the killing property with retention of immunity to P6 only. A single case of combined immunity was detected in which one progeny was immune to both P1 and P6. The result displayed by all the meiotic products can already be detected in the heterokaryon, a stage that precedes zygote formation. Vegetative cells isolated from a heterokaryon of P1 and P6 lacked the killing property of either parent but were immune to P6. A diploid recovered from the cross between P1 and P6 also lacked the killing property and was immune to P6. The exclusion mechanism, which is an intracellular phenomenon, evidently recognizes unique species of dsRNA since immunity to P6 can be found among the progeny. The exclusion mechanism also appears to be an inherent or adjunct property of the same determinant that is involved in the killing phenomenon. This suggestion is based on the observation that vegetative cells from a heterokaryon formed between a strain with immunity P3(6) and a P1 killer strain do not show any alteration of the P1 killing function and yet the same cells are immune to P6, thus combining P1 with P3(6) without exclusion of any component. Similarly, in a heterokaryon between a strain with the immunity P3(4) and a P1 killer strain, the P1 killing property is unaffected unlike the interaction in crosses between P1 killer strains and P4 killer strains.
The cross P4 X P6 yielded only P4 progeny among the killers. Killer progeny with dual specificity were not detect- (Table 4) were plated on differential lawns that could detect individuals carrying two specificities or a new specificity. As an example, by the use of two tester lawns, one sensitive only to P4, the other only to P6, strains with combined specificities, or a new specificity, could be detected. New killer specificities can also be identified on a lawn of a sensitive strain in which nuclear resistance to all three killer specificities is combined. No new specificities and no dual specificities were detected from these crosses. Some 1500 progeny from the cross between P4 and P6 that yielded only P4 were replicated to a lawn of P4, but none showed any effect, thus excluding the presence of any new specificity in the progeny from this cross.
Ten thousand tetrads from the cross of P4 and P6 and 5000 tetrads from the cross of P1 with P6 were replicated to a lawn resistant to the three known killer specificities. In neither test were any halos detected. Thus we have no information to suggest any genetic-exchange to generate new killing specificities. However, strains with dual immunity derived from these crosses can be studied to see if the dual immunity is a result of (i) the presence of two distinct viral particles in a single cell, (fi) recombined molecules, or (iii) molecules jointly packaged in a single particle.
